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ABSTRACT 
T h i s  s t u d y  repo rts the res u lt s  of a n  i n v es t i g at ion made on 
f low th ro u g h  a s i n g l e  con st r i ct ion  a n d  t h ro u g h. two a n d th ree 
con st r i ct ion s p l a ced i n  se ries in t h e  f low path . Two types of 
con s t r i ct i on s hav i n g  d i ffe ren t  geomet r i c  s h a pes  we re in vest igated . One  
wa s a b l u n t con s t rict ion  wh i c h  had a h o l l owed cy l i n d r i ca l  s h ape  a n d  the  
oth e r  wa s a con i ca l co n st r i ct ion  type  w i th  a l i n ea r l y  con v e rg i n g a n d  
.. 
d i verg i n g  i n l et a n d  o u t l et g eomet r i es. wate r . a n d  s u ga r - wate r so l ut ion 
we re u s ed i n  t h e  e x per i ments . T h e  s u g a r - wate r so l ut ion  h a d  a 
v i scos i ty eq u a l  to t h e  v i scos i ty of b lood . E x pe rime n ts we re ru n u s i ng 
tubes w i th  d i amete rs compa ra b l e  to t h e  d i amete r s  of a rte ries a n d ove r 
Rey no l d s  n u mbe r ra n g e  1 00 to 2300 wh i c h  cov e rs t h e  Reyno l d s  n u mbe r 
ra n g e  fo u n d i n  t h e  h u ma n v a s c u l a r  system . 
T h e  res u l ts  s how t h a t  t h e  p res s u re d rop ac ros s s i n g l e  a n d 
mu l t i p l e  co n s t r i ct i o n s  ca n be rep resented a s  t h e  s u m of a f r i ct ion a l  
compon ent  a n d  a t u rbu l en ce compo n e n t . T h eo ret i ca l e q u a t i o n s  we re 
obta i n ed fo r p red i ct i n g  the  p res s u re d rop. I t  wa s fou n d  t h at wate r 
a n d  s u g a r-wate r so l u t ion  res u l ted i n  s a me p res s u re d rop w h en 
ex p res sed i n  d i me n s i on l es s  fo rm . 
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F low t h ro u g h  co n st r i ct io n s  h a ve ma n y  a pp l i cat ion s i n  
eng i n ee r i n g . E x a m p l es a re f lows t h ro u g h  roc ket n ozz l es , f lows th ro u g h 
ventu  r i e s  a n d  f lows t h roug h o r i f i ces . More rece n t ly ,  f l ows  th rou g h  
con st r i ct i o n s h a ve h ad a p p l i cat io n s  i n  t h e  b i omed i ca l  f i e ld . T h i s  n ew 
a rea of i n te rest developed a s  a res u l t of t h e  s pace  e x p lo rat ion  p rog ram 
w h e re fo r the f i rst  t i me e n g i neers  a n d  med i ca l  p rofe s s io n a ls wo r ked 
.. 
toget h e r  o n  t h e  same p roj ect a n d  fo r t h e  s a me goa l s-- i n s u r i n g t h e  
safety a n d  well- be i n g  of the a s t ron a u ts. F rom t h i s  . c lose  con tact 
betwee n t h e  two p rofes s iona ls , med i ca l  p rofes s ion a ls beg a n  looki n g  at  
en g i n ee r i n g  a n d e n g i n ee r i n g  method s as  pos s i b le mea n s  to  so lve  med i ca l 
p rob l em s . O n e  s u c h  a rea wa s t h e  a p p l i ca t i on  of f lu i d  mech a n i cs 
p r i n c i p les  to t h e  b l ood c i rc u l ato ry s y stem of ma n . 
A f req u e n t l y  occu r r i n g  p rob l em i n  t h e  a rte r i a l  sy stem of ma n 
i s  t h e  d eve lopment  of at h e ros c l e ros i s  a n d  a rte ry co n st r i ct ion s . Thi s 
pa rt i a l  occ l u s ion  o r  n a r row i n g  of b lood v es s e l s d u e to a b n o rma l 
i n t ra va s c u l a r g rowt h i s  common l y  refe r red to a s  a s te nos i s . A lt h o u gh 
t h e  ca u s e  of t h e  i n i t i at ion  of t h e  ste n os i s  i s  n ot comp letely u nd e rstood , 
severa l i n vest i g ato rs h a ve s u ggested t h at thi s  deve lopment  i s  re l ated to 
t h e  h yd rody n am i cs of b lood f low thro u g h  t h e  b lood vesse ls [1 , 2 , 3] .  
S i n ce a rte r i a l  d i sease  i s  c lose ly  re l ated to h ea rt d i s ea s e ,  wh i c h  i s  a 
lea din g ca u se of death i n  t h e  U n i ted States , s t u d i es l ead i n g to a n  
u n de rsta n d i n g of a rte r i a l  d i s ease i s  o b v i ou s ly a n  i mpo rta nt prob lem of 
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our t i me . 
T h e re have been a n u mber  of t h eo ret i ca l  a n d  e x p e r i me nta l 
st u d i e s  made relat i ve to b lood h yd rod yn a m i cs i n  the h u m a n  body . The 
facto rs t h at a p pea r to be re l ev a n t  a re t h e  ve loc i ty d i s tri b u t ion , wa l l  
s h ea r  s t res s ,  type of f l ow ( stea dy o r  p u l s a t i l e ) , wa l l  p ropert i e s , f low 
c h a n n e l  g eomet ry a n d a n y  t u rb u l e n ces and f l ow s e p a rat i o n  that may 
occu r .  
A_ t h ree-d i me n s io n a l  s t res s - stra i n  re l at i on s h i p for the a rte r i a l 
wa l l  wa s p ropos ed by C h uo�_g [4] . F uku shi ma et a l  [5] i n v est ig ated 
n u me r i ca l ly the ve loc i ty p rof i l e s a n d  wa l l  s h ea r s t re s s e s  of f l ows 
throu g h  a rte r i a l  mod e l s  w i t h  o n e  or two a x i symmet r i c  con st r i ct i on s . 
Kaj i y a  et a l  [6] made  a con t r i bu t i o n  to t h e  eva l u a t i o n  of loca l b l ood f low 
ve loc i ty by  u s i n g a l a s e r  Dop p l e r  ve loc i mete r .  The v e l oc i ty f i e l d  i n  the 
n e i g h bo r h ood of a x i symmet r i c  con st r i ct io n s  i n  r i g i d  tu bes  wa s 
i n ves t i gated by Ah med [7] u s i n g l a s e r  Dop p l e r  a n emomet ry a n d  f low 
v i s u a l i za t i on . I t  wa s obse rved t h at the ve loc ity f i e l d  n ea r  the wa l l  
dow n st rea m of a stenos i s  wa s s i g n i f i ca n t ly a l t ered . Ah med [8] a l so 
st u d i ed f l ow d i st u rba n ces  d i sta l to a stenos i s . 
S i n ce t h e  b l ood f l ow i n  t h e  huma n c i rc u l ato ry s y stem i s  
p u l sa t i l e  i n  c h a racte r ,  va r i o u s a s pects of thi s type of f l ow were 
i n vest i g ated . The effect of p u l s a t i l e  f low on  the v e l oc i ty p rof i l e i n  a 
c i rc u l a r  cy l i n d r i ca l  t u be wa s a n a l yzed n u m e r i ca l l y by  S r i va stava  [9] . 
Ma r k  et a l  [ 1 0] co n d u cted e x pe r i ments to dete rm i n e  i f  the p u l sat i l e  f low 
th rou gh the p rox i m a l port ion  of t h e  left co ron a ry a rte ry s y stem i n  m a n  
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e x h i b i ts qu a s i-stea dy c h a racte r i s t i c s . T h e  res u lts  of t h e  e x per iments 
showed t h at un steady f low i n  the  l a rg e r  co ro n a ry a rte r ies  may not be 
s im u lated by stea dy f low ex pe r iments . You n g  [ 1 1 ] fou n d  that i n  
osc i llat i n g  f low ,  tu rb u le n ces  a ppea red a t  h i g h e r  Rey n o ld s  n u m bers t h a n  
i f  t h e  f low were stea d y  fo r t h e  ca se of a m i ld s te n os i s . Fo r seve re 
ste nos i s ,  he fou n d  t h e  oppos i te to be t r u e . Cho et a l  [ 1 2] ra n 
e x pe r iments  w i t h  p u lsat i le f low a n d steady f low i n  c i rc u la r  tu bes w ith  
con st r i ct ion s a n d  w ithout  con s t r i ct i on s .  T h ey fou n d  t h at the  p res s u re 
d rop  i n  t h e  t u bes w i th  n o  con st r i ct ion s wa s t h e  s a m e  w h et h e r  the  f low 
was  p u lsat i le o r  stea d y . However ,  if t h e  f low t u be i n c lu ded 
con st r i ct i ons , t h e  p res s u re d rop wa s g reate r i n  p u ls a t i le ca se th a n  i n  
the  steady f low ca se . T h e pe r iod i c  wall s h ear s t re s s e s  of p u l at i le f low 
i n  ta pered tu bes were i n vest i gated by K i mmel  [ 1 3]. T h e  t i me­
depen dent  p res s u re c u rves of a p u ls at i le f low a c ros s r i g i d  a n d  p u lsat i ng  
stenos i s  we re i n vest i gated e x pe r i menta . lly by Rab i nov i tz [ 1 4] .  Ve loc i ty 
p rof i les w i t h  va r io u s  f low rates a n d p u lsat ion  f req u e n c i e s  we re mea s u red 
by A ltobe lli [ 1 5] at sev e ra l s i tes on the  l eft co ro n a ry a rte r i es of each 
h ea rt . 
I n vest i g at io n s  re lat i n g  to wall e las t i c i ty a n d i t s  effect on f low 
c h a racte r i s t i c s  of b lood i n c lu de  Maltzah n ' s  wo r k  [ 1 6] wh e re h e  des c r i bed 
a n  e x pe r i me n ta l p roced u re to meas u re the  ela s t i c  p ro p e rt i es of the  outer 
a n d i n n e r  layers  of e x c i s ed a rte r i es . Holste i n  et a l  [ 1 7] con t r i buted to 
t h e  fo rm u lat ion  of a mathemat i ca l  model  of the  arte r i a l  system , wh i c h  
i n c lu ded t h e  v i scoe l a st i c  dam p i n g  i n d u ced by the  v e s s e l  wa l l . Fe n ton 
[ 1 8] fou n d ,  th rou g h  labo rato ry s tud ies , t h at the p res s u re at wh i c h  the  
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ves s e l s co l l a p s ed wa s cons i d e ra b ly l owe r tha n . e x pected on the ba s i s · of 
t h eoret i ca l  e l a s t i c  mod e l s . Ped l ey [1 9] p rese n ted a s im p l e  mode l  fo r the 
a n a l ys i s  of wa ves ref l ected of e l a s t i c  t u be wa l l  a n d  w h i ch we re p rod uced 
by d i ffe rent amo u n t s  of stenoses. The effect of the  per iphera l  
res i sta n ce o n  a 
st u d i ed by Rooz 
s ing l e  
e t  a l  
stenos i s  u nder  pul s at i l e  
[20] . T h e  i nte rest  wa s 
f low con d i t ions wa s 
o n  p res s u re ,  f low 
wa veform a n d d a m p i ng w h i c h  res u l ted f rom com b i n at ion s of d i ffe rent 
stenoses  a n d  g i ven pe r i p h e ra l  p res s u res . 
Lutz et a l  [2 1 ]  stu d i ed f low patte r n s  of steady a n d  pu l sat i l e  
f low in  .a do u b l e  b ranc h ing f low c h a nne l . S t e a d y  a n d  p u l sat i l e  f low i n  
symmet r i ca l l y b ra n c h ed tu bes we re s tud ied by  Wa l b u r n .et a l  [22] . T h e  
p u rpose o f  t h at s t u d y  wa s to compa re the  c h a r acte r i s t i c s  o f  f low in the  
reg i on of symmet r i ca l b ifu rcat ions h a v i n g  d i ffe rent b ra n c h - to -t ru n k  a rea 
rat ios . F low wa s v i s u a l i zed u s i n g neu t ra l l y bou yant pa rt i c l es.  A 
nume r i c a l  f i n i te - d i ffere n ce ana l ys i s  fo r b l ood f l ow ve loc i ty p rof i l es and 
s h ea r s t res s e s  wa s m a d e  by C l ar k  et a l  [23] of a p l a n e  p u l sat i l e  f low 
pa st a s ymmet r i c a l b i f u rcat i on wh i c h  conta i n ed a n  a s ymmet r i ca l  smooth­
contou red ste n os i s  i n  th e t runk . 
A s  a s te n os i s  con st r i ct ion d eve lops  i n  a n  a rte ry, the  natu re of 
t h e  f low a ro u n d  th e stenos i s  w i l l  be g ra d u a l l y c h ang ed . I t  wa s fou nd  
th at a s  a ste nos i s  g rows beyond a l i m i t i n g  pe rce n t  a rea red u ct ion at a 
ce rta in  f l ow rate , f l ow pattern s ,  i mmed i at e l y  dow n st ream of t h e  
stenos i s ,  become u nsta b l e  and reg ion a l  t u rb u l e n ces  beg i n  to. dominate 
w h i l e  t h e  f l ow rema i n s  l a m ina r  ove r  th e rest of t h e  tube [2 , 24 , 25] .  A 
nu m be r  of s tu d i e s h a ve  con t r i b uted to a n  u nd e rsta nd ing 
. 
·of t h e  
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deve lopment  of reg i ona l tu rb u lence [2 , 24 , 26]. T h es e  stu d i es h a ve 
s hown t h at reg i o n a l  tu rbu l ences deve lop at  re l a t i ve l y  sma l l  c r i t i ca l 
Reynol d s  n umbe rs  ( a pp rox i mate ly  200 for 56 pe rcent ste nos i s )  compa red 
to t h e  a ccepted f i g u re of a bout  2300 fo r a s mooth p i pe [25]. The  
cr it i ca l  Rey n o l d s  n u mber  tend s to d ec rea s e  as  the  s ev e r i ty of  the  
stenos i s  i n crea s es [25] . C l a r k  [27] u sed a f l ow v i s u a l i zat ion method to 
dete rm i n e  h ow fa r downst ream f rom a steno s i s  t u r bu l e n ces e xtended . 
He u sed a s ing l e  dye inject ion pu l s e f l ow met hod i n  h i s  e x pe r i ment . 
S iouff i  et a l  [28] i n vest igated the  pos t - stenos i s  f i e l d  ( t h e  u ps t ream 
rec i rc u l at i on zone)  v i s u a l l y  by u s i n g a l a s e r  b ea m . T h e i r study c lea r l y  
s howed that  t h e  rec i rcu l at i on zo ne  u p st ream o f  t h e  stenos i s  w a s  
re l at i ve l y  s ho rte r ( much l e s s  tha n a h a l f )  t h a n  t h e  downst ream 
rec i rcu l at ion zone . Few e x pe r iments h a v e  been d o n e  to dete rmine t h e  
extent o f  t h e  u p st ream reg ion f rom a stenos i s  w h e re t u r b u l ences occ u r .  
A n u m be r of st u d i es have cont r i b uted to locat ing t h e  
reattach ment po int downst ream o f  obsta c l es in  a p i pe [29 , 30]. B a c k  
[29] pe rfo rmed a va l u a b l e  ex pe r i ment w h e re h e  obse rved the  
reattachme n t  po i nt down st ream of a b ru pt e x pa n s io n s i n  c i rcu l a r  p i pes 
fo r Reyno l d s  n u mbe rs ra n g i n g f rom 20 to 4200 . H i s  res u l t s  showed t h at 
the reattachme n t  l ocat ion  i n c rea sed l i n ea r l y  to a maxi m u m  va l u e of 7 .  7 
tu be d i a mete r s  at  a Reyno l d s  n u mbe r of 250 ,  a fte r wh i c h  i t  dec rea s ed 
w ith fu rthe r i n c rea ses of Rey no l d s  n u mbe r .  Po l l a rd [30] ana l yzed the 
vo rtex  reatta c h me n t  l e n gth fo r th ree d i amete r rat i o  e x p a n s ion  ca ses 
hav i n g d i ffe r e n t  i n l et ve loc i ty p rof i l es . H i s  t h eo ret i ca l  res u l ts  a g reed 
fa i r l y  we l l w i t h  t h e  e x p e r imenta l res u l t s  of Ba c k  [29] . The 
reattach me n t  point i s  i nf l u e nced by wa l l  
p res s u re down stream of a ste nosis [3 1 , 32] . 
6 
vib rat ion  a n d  by th e waH 
Kir k ee i de [32] fou n d  that 
th e reattachment  point wa s i n  c los e  p ro x imity to th e po i nt of ma x i mum 
wa l l  vi b ration . The  location of  ma x im u m  wa l l  v i b rati o n  was fou n d  to 
ra nge  f rom a p p ro x imately 1 to 7 t u be d i amete rs  dow n st ream of th e 
con st rict i o n . This res u lt ag reed with t h e  hyd rod y n am i cs of a bou n ded 
jet w h ich  repres ents  a n  a x isymmet r ic  regio n a l  tu rb u le n ce zon e. 
T h e  p resent  wo r k  st u d i ed t h e  f l ow th rough con st riction s  
p l aced i n  t u bes h a v i n g  in s i de  d i amete rs compa ra b l e  to th e diamete r s  of 
a rte r i es . E xpe r ime n ts  w e re ru n u s i n g wate r a n d  s ug a r - wate r  solution 
h a ving a viscosity eq u al to t h at of b l ood i n  t h e  h u ma n c i rculato ry 
s ystem . Two types  of con st rict i o n s  h a v i n g  d i ffe re n t  geomet ric shapes 
were i n vestigated . On e h a d  a recta n g ula r  c ros s - section a l  s ha pe 
( " b lu n t" con st r ict i on ) a n d  t h e  ot h e r  h a d  a t r i a n g u la r c ros s - sect i o n a l  
s h ape ("conica l"  co n str iction ) .  S i nce t h e  l i t eratu re o n  t h e  med ica l  
prob l em of b lood ves sel con st r iction s i n d icates tha t  o n e  stenosis co u l d  
lead to t h e  deve lopment  of a s econd  stenos i s ,  e x p e r i me n t s  we re ru n o n  
f low t h ro u g h  a s i n g l e co n st r iction , t h o u g h  two co n st rict i o n s i n  se ries 
a n d  t h ro u g h  th ree con s t r ict ion s i n  s e r i es .  T h e  i n - v i t ro con st rict ion s 
we re a l l  of t h e  s ame g eomet r ic  s h a pes . 
7 
EX PERIMENTAL APPARATUS AND METHOD 
Gene ral Description 
The expe r ime n ta l s et - u p  wa s compr i s ed of a reci rcu l ating 
s ystem co n s i st i ng of a cen t rifuga l pump,  two rese rvoi r  ta n ks a n d 
f l exi b l e  tu bing . Water ( o r  s ug a r - water so l u t io n ) f rom the con sta n t  h ead 
ta n k  f l owed through the test  sect ion  into a dow n stream res e rvoi r  a n d  
then recircu l a ted back to the_ co n sta n t  head ta n k  by the p u mp ( Fig u re 
1) . 
The tu b i ng con nect i ng t h e  co n sta n t  h ea d  ta n k  to th e test 
sect ion  wa s made of t ra n s pa rent  PVC f l e x ib l e  t u bing  h a v i ng a n  in s i de 
d i a mete r  Do=0 . 953 em a n d  wa l l  t h ic k n es s  tw=O . l 59 em . The tu b i ng wa s 
l aid f l at on  a h o rizonta l s u rface a n d ,  since it wa s f l exi b l e ,  it was 
a ttach ed to a rig i d  rod a lo n g s ide  a n d  pa ra l l e l  to it to i n s u re that t h e  
test  sect ion  wa s s t raig h t w i th  no "wavin es s" a l o n g  i t s  l e n gth . T h e  test 
s ection was l ocated fa r enou g h  dow n st rea m f rom the 90  deg ree be n d  of 
the t u bing  ( poin t  " A "  in Fig u re 1 )  to in s u re t h a t  the f l ow wa s f u l ly 
deve loped .  The con sta nt  h ea d  ta n k  wa s co n st r ucted of two s ect ion s 
with a n  ove rf low pa rt i t i on ,  th u s  a l l owing  tests to be ru n at  a con sta nt  
pres s u re h ea d . The f low rate  wa s reg u l ated by  c los i ng and opening a 
con t ro l  va lve located down st rea m of t h e  test  s ection .  The g e n e ra l  
d imen s io n s  of t h e  s et - u p  a re s how n in F i g u re 1 .  
T h e  test  section i nvolved p l ac i n g  co n st r ictio n s  i n  :the t u be 
"T1 
(0 
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Figure 2 P hotog ra p h  of ste noses  mod e l s . 
w h ich s imu l ated t h e  n a r row i n g of a rte r i es/vein s ( stenoses ) d u e  to 
disea s e s  s uch as at h e roscle ros i s . Con s t riction s  h a vin g two diffe rent  
g eomet ric s h a pes  we re u s ed in the  tests . O n e  wa s a " blu n t" type 
w h ich h a d  · a  hollowed cylin d rica l s h ape  a n d t h e  s eco n d  was a " co n ica l "  
typ e  wit h a l i n ea r l y  con ve rg i n g a n d  d i v e rging in let a n d  o utlet 
g.eomet ries ( Fig u re 2 ) . Both  types were a x ially s ymmet ric con st rictio n s . 
I t  s hou l d  be  pointed out  t h at t h e  geomet ry of a n  act u a l  ste nosis in  a 







T h e  d i men s i on s  of t h e  b l unt and con i ca l co n st r i ct ion 
mod e l s  
1 1 
work repo rted i n  the lite ratu re suggests that  ax i a l l y  s ymmetr i c  
constr ict ion s cou ld  be  u s ed as  ex per i ment2l  mode ls [1 ,33] . The "b l unt" 
cons t r ict ion was made of PVC tubing i dentica l  to th at of the test section 
but of sma l l e r  s i ze ,  the outside dia mete r  being equal to the inside 
d i amete r of the test sect i on t u bing . S ho rt s ect ion s of th e sma l l e r  s i ze 
tub i ng we re cut  u p  a n d  i n se rted into t h e  test  s ect i on tub ing creat ing 
"b lunt" type con str ictions. The "conica l" const rict i ons we re mach ined 
out of b ra s s  and h a d  outs i d e  d i amete rs equa l to the ins i de d i amete r of 
the test section tu bing . T h e  d ime n s io n s  of t h e  con st r i ctio n s a re s h own 
in  Figure 3 .  The a rea reduct ion  due to the con st r i ctions i s  the refo re 
88 . 9  pe r
.
cent. This a mo u n t  of red uct ion  was  selected b a s ed on reports 
i n  the l i te ratu re [2] which i n d i cate t h at t h e  hu ma n va s cula r s ystem has  
an  abi l i ty to se lf - a dj u s t  a n d ma i ntain no rma l  brood f l ow up  to 
a pp rox imate ly  80 perce n t  red uct ion  i n  b lood ves s e l  a rea. It a ppea rs 
that th e h u ma n circ ulatory s ystem has an a djusta b le p e r i p h e ra l  
res i sta n ce w h ich ca n h a n d le s u bsta nt i al deg ree s of l umen a rea 
red u ct ion s ( ste nos i s )  w i t hout  a dec rea se i n  blood f l ow s u p ply .  B eyond 
the 80 p e rcent f i g u re, h oweve r ,  f low i s  s h a rp l y  red u ced . 
T h e  con s t r i ct ion s u s ed i n  the  e x pe r i ments  w e re i n sta l led by 
ca ref u ll y ma k i n g a c u t  in t h e  test section , i n s e rt i n g  ha lf of t h e  l ength 
of the con st r ict ion  i n to on e e n d  of the cut  sect ion  a n d the oth e r  h a l f i n  
t h e  ot h e r  e n d , a n d t h e n  t i g h t l y  b u tt i n g  t h e  cut  e n d s  of t h e  test  s ect ion 
tog eth e r a n d sea l i ng  by ta p i n g . T h ree sepa rate t u bi n g  le n g th s  were 
used in t h e  e x pe r i me n ts . O n e  le ngth  of tu b i n g  for each of the tests on 
on e , two a n d  th ree con st rict ion s .  
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To mea s u re t h e  p res s u re d rop acros s t h e  con str iction s ,  sma li 
ta ps  we re made i n  the wa l l  of the PVC tu bing us i ng a h ypode rmic 
n eed le. The e n d  of a f lex ible ma nomete r tu b i n g  wa s t h en butted 
a rou n d  the  ta p a n d s ea l ed a l l  a rou n d  with th e oth e r  e n d  (of th e 
ma nomete r t u b i n g )  co nnected to a p res s u re ga g e . 
wa s made to i n s u re t h at i t  wa s open . Ta p s  
A check o f  t h e  ta p 
we re made at 5 em 
u p stream of the  con str icti o n s  a n d  1 0  em d ow n stream of the 
con str ictio n s . F i g u re 4 s h ows t h e  co n n ectio n s  b etween the  p res s u re 
ta ps  a n d p res s u re g a ges  a rou nd t h e  test s ect i on s . These  locations  
were s e lected · b a s ed o n  t h e  wo rk  of Bac k  [29] w h ich repo rted on  the 
sepa ration 
·
reg i o n  dow n st ream of a con st r i ct i o n  w h e re f low tu rbu lence 
ex i st s . T h e  dow n s t ream 1 0  em ta p locat i on  fa lls p a s t  th i s  tu rbu lence 
region . F i g u re 5 s hows t h e  ma x i m u m  va l u e of X R/h=25 . Fo r ou r 
set- u p , h=0 . 3 1 75 em w h i c h  g ives a ma x i m u m  v a l u e of X R=7 . 9  em 
T h e  u p st rea m  5 em ta p l ocat ion  s a t i s f i ed t h e  A SME ( Amer i can 
Soc i ety of Mech a n i ca l  E n g i neers ) g u i d e  l i n es [34] . D u r i n g  t h e  tests 
i n vo l v i n g  two a n d  t h ree co n str i ct ion s i n  s e r i e s , t h e  5 a n d 1 0  em 
d i sta n ces we re ma i n ta i ned u pst ream of the  f i r s t  co n st r i ct ion  a nd 
dow n st rea m of t h e  l a s t co n str i ct ion  res pect i ve l y . T h e re were no 
p res s u re ta p s  a n d  n o  p ress u re read i n g s  take n i n  betwee n the 
con s t r i ct i o n s  ( F i g u re 6)  . . 
P res s u re mea s u remen ts we re mad e u s i n g Dwy e r  C a ps u h e l i c  
g a g e s  h a v i n g f u l l  s ca le read i ng s  of 0 - 5 ,  0- 1 5  a n d  0 - 60 i n ch es of wate r .  
T h e  l ow ra n ge g a g e  h ad 0 . 1 i nches of water  d i v i s i o n s  an d cou ld b e  read 
to 0.05 i n c h es of wate r. F l ow rate mea s u rem e n t s  we re ma de by 
1 3  
Figure 4 P h otog raph of the  con nect i o n s a rou n d  t h e  test sect io n s  
co l lect i n g  w_ ::: r i n  a g ra d u ated bea ker over a f i x ed per i od of t i me ,  a n d 
t hen ca l c u l at i n g  t h e  vo l u me f l ow rate . T h e  bea ker w a s  g ra d u ated i n  
5m l g ra d u a t i o n s  a n d cou ld  be rea d accu rate l y  to 1 mi. A thermometer 
i mmersed i n  t h e  co l lect i n g  ta n k  rea d t h e  f l u i d  temperatu re .  The  
v i scos i ty of  t h e  water-s u g a r so l u t i on wa s determ i ned u s i n g a Hoep p ler  
p rec i s io n  v i scometer a s  s h ow n  in  F i g u re 7 .  A S a rto r i u s  p rec i s i on  
d ig i ta l sca le  wa s u sed to mea s u re the  we i g h t  of  t h e  s u g a r- water s o l u t i on  
433689 
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R eattach men t  l e n g th  (f rom Ba ck  [29]) 
wh i ch wa s u s ed i n  ca l cu l at i ng  the  den s i ty of t h e  s o l u t io n  ( F i g u re 8) . 
Th e vi s co s i t i e s  u s ed i n  ca l cu l at i ng  t h e  res u l ts a re g i ve n  i n  Ta b l e  1 
be l ow .  
1 5  
Single Constriction 
5 em 10 em 
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Three Constrictions 
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Figure 6 Ta p locat io n a n d spa c i n g  of con st r i ct io n s  
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Ta b l e  1 K i n emat ic v i scos i ty of 33 pe rcent  s u g a r-wate r so l ut ion  
oc ).1 p v 
kg s/ 2 kg s2/ 4 2 cp m m m I s 
25 ·3.3023 3.3697X 1o
-4 
1 15.63 2.9 142Xlo
-6 








28 3.0281 3.090 X 10
-4 
115.63 2. 1607 X10 
-6 
Procedure 
T h e  c i rc u l ati ng  p ump wa s sta rted , th e co n t ro l  va l ve a dj u s ted 
to t h e  d es i red s etti n g  a n d t h e  s ystem l et ru n fo r a bo u t  te n m i n u tes . 
T h i s  a l l owed t h e  f l ow sy stem to reach  stea dy  s tate w h i l e p repa rat ions  
we re b e i n g  made  to  beg i n  a test . The  p res s u re g a g es we re c h ec ked , 
ven te d  to re l ea s e  a ny . tra p ped a i r a n d  ze roed . A l l  tu b i n g s  a n d 
con n ecti o n s we re c h ec ked fo r l ea kages  ma k i n g  s u re t h at t h e  test  s ect ion  
tu b i n g w a s  s t ra i g ht a n d  hor i zon ta l . 
C i rcu l at i n g  wate r tempe ratu re wa s ta ke n a n d  reco rded . 
P res s u re d rop rea d i n g s  a c ross the  con st r i ct io n s  we re tal>en and 
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Figure 7 Hoepp l e r  p rec i s io n  v i s cos i ty mete r ( Mode l  HV303) 
reco rded . Wate r wa s t h en co l l ected and t h e  co l l ected vo l u me and 
co r res pond i n g t i me reco rded . R ea d i ng s  of p res s u re a n d  tem pe ratu re 
we re ta ken a s econ d  t ime at t h e  end of ea c h  test . F o r  most ca s es, t h e  
rea d ing s befo re a n d afte r t h e  tests  we re t h e  same . T h e temperat u re 
read i n g wa s u s ed to dete rm ine t h e  v i s cos i ty of t h e  wate r a n d s u g a r -
water so l u t i on . 
Tests  we re ru n i n  t h e  l amina r Reyno l d s  n umbe r ra n g e  f rom 
' 1 8  
Figure 8 Sarto r i u s  p rec i s ion  d i g i ta l s ca l e ( Mode l  1 602M P )  
1 00 to abou t  2300 . T h i s  i s  i n  l i n e w i th the Rey n o l d s  n u m b e r  fo r th e 
f low of b l ood i n  the  h u ma n s ystem [35] . Tests w e re f i rst  r u n  o n  a 
s i n g l e  "b l u nt" con st r i ct i on  fo l l owed by tests 
" b l u n t" con st r i ct ion s  i n  ser i e s . When the 
on two an d then  t h ree 
tests o n  t h i s  type of 
co n st r i ct io n  we re com p l eted, t he " con i ca l "  ones we re i n s ta l l ed and  tested 
i n  a s i m i l a r  man n e r  as th e " b l u n t" type . 
To s i m u l ate th e f l ow of b l ood mo re c los e l y ,  tests we re a l so  ru n 
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with a s uga r -wate r so lut i on co ntaining 33 . 3  pe rce n t  s uga r by weight. 
Thi s typ� of so lut i o n  ha s been u sed by ot h e r  i nvest iga to rs i n  t h eir 
s tud ies  of b lood f low a n d  ha ve been  repo rted i n  t h e  lite rat u re 
[36, 37 , 38]. The s uga r wa s weig hed u sing Fa i rba n k - Mo rs�  s ca le a n d  
d i s so lved i n  a wate r with a 1 : 2  weig ht rat io . 
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FORMULATION AN D MODEL ANALYSIS 
O n e  of the  most  ser i ous  con s eq u e n ces  of a n  a rte r i a l  stenos i s  i s  
th e l a rg e  p re s s u re los s wh i ch may occu r .  T h e  p res s u re los s i s  
p r i ma r i l y  d epend e n t  on  the f l ow rate a n d  t h e  g eomet ry of t h e  stenos i s ,  
a nd S ee l ey a n d Young [33] i n d i cated th at  t h e  re l ev a n t  b lood p rope rt ies  
ca n be con s i d e red to rema i n  con stant .  As wa s p o i n ted out  i n  the 
e x p e r i me n ta l  s ecti o n  a constr i ct ion with 88.9 pe rcent red u ct ion i n  f low 
a rea was s e l ected fo r th i s  s tudy . T h e  con st r i ct ion  wa s a x i a l ly 
s ymmet r i c . T h e  l i te ratu re repo rts th at symmet r i c  con str i ct ion s cou l d be 
u sed as mod e l s fo r stenos i s  in  b l ood ves s e l s a n d  th a t  i n  ca ses  of s eve re 
cons t r i cti o n s  ( g reate r than a bout  90 pe rcent) eccen t r i c i t i es . i n  the 
con st r i ct i ons h a d  l i tt l e effect on the p res s u re d ro p  [33] . 
T h e re i s  ev idence [24, 33] that  th e p re s s u re d rop a rou nd a 
constr i ct i on co u l d be e x p ressed a s  t h e  s um of th e l o s s e s  d u e to v i s cous  
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w h e re K v  a n d  Kt a re coeff i c ients wh i c h  a re to be dete rm ined 
e x pe r i menta l l y. I t  h a s  been found t h at K v  i s  s trong:y dependent on 
th e  geom et ry of t h e  con str i ct i on wh i l e Kt i s  onl y  wea k l y  deperdent on 
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t h e  g eomet ry [24,33]. The con t r i b ut i o n  of each of t h e  compon ents  i n  
Equ at ion  ( 1 ) to t h e  tota l p res s u r� d rop  va r ies  f rom o n e  s i t u at i o n  to 
a noth e r  a n d  i s  dependent  on t h e  deg ree of t u rb u l e n ce t h at  e x i sts . In 
the ca s e  of a con st r i ct ion  i n  a b l ood ves s e l  ( stenos i s) ,  t h e  n at u re a n d  
t h e  f l ow patte r n  a rou n d  t h e  stenos i s  g ra d u a l ly c h a n g e s  a s  t h e  stenos i s  
deve lops  a n d  g rows . I f  t h e  stenos i s  g rows beyo n d  a ce rta i n  l i m i t i ng  
va l ue of a rea  red uct ion,  the  f low patte rn  becomes uns ta b l e  and  reg ion a l  
tu rb u l e n ces  wi l l  b e  dom i n a n t  [2 , 24,25] .  I ts l i m i t i ng va l u e h a s  been 
def i n ed ba s ed o n  a c r i t i ca l  Reyno lds  n u mbe r w i t h  t h e  n u m b e r  i n crea s i n g  
wit h  i n crea s i ng a rea red uct ion s .  O n e  sou rce [2] g i ves a va l u e  of 
app ro x i matel y  200 fo r t h e  c r i t i ca l  R ey n o l d s  n u mbe r at a 56 p e rcent  
stenos i s  ( t h a t  i s  56 pe rcent  a rea red u ct ion ) .  
I n  t h e  a n a l y s i s  wh i ch fo l l ows, t h e  f l ow wa s a s s umed to be 
s teady, l a m i n a r  a n d  N ewton i a n  w ith  con sta n t  p rope rt i e s . 
Conica l  Con st r ict ion  
Con s i d e r i n g  f i rst t h e  "con i ca l "  con s t r i ct i o n  ( F i g u re 9 ), the  
rad i a l  d i sta n ce f rom the  ce nter  l i n e fo r the  l eft s i d e  ( w h e re - Zo<z<O) 
ca n be  wr i tte n a s  : 
z 




Figure 9 T h e  geometry of the  con i ca l  con s t r i cti o n  
o r ,  i n  d i me n s i o n l e s s  fo rm 
R z 
= 1- (1 + ) 
Ro Ro Zo 
S i m i l a r l y , fo r t h e  r i g h t  s i d e ( wh e re O<z<Zo ) 
z 






o r, i n  d i me n s io n l es s  fo rm . 
R z 
= 1 - ( 1 - ) (5) 
Ro Ro Zo 
F rom a n  a n a l ys i s  of f l ow th ro u g h  a t u be ,  it ca n be s h own that  
[39], 
d P  811 
dz  rr 
Q 
( 6) 
T h e  p res s u re d rop ac ro s s  t h e  con i ca l  mode l  between  t h e  c ros s s ect ion s 






(7 )  
T h i s  i s  e x p res s ed i n  d i me n s i on l es s  p res sure d rop fo rmu l at i o n  a s  fo l l ow s . 
AP 
2 pUo = 4 2 1TRo pUo  
L/2 
fl/2 ( 
R - 4 
-- ) dz  
Ro 
( 8) 
Th e  f l ow Q i n  t h e  p i pe can b e  e x p res sed i n  te rms  of t h e  p i pe a rea a n d 
ave rage  v e l oc i ty , 
Q = 2 '1r Ro U o  (9) 
and the Rey nold s  n u mbe r i s  
Re = 
0 
pOoU o  
S u bst i tut i n g  Eq u at i o n s (9) a n d  ( 1 0 ) i n to ( 8 )  y i e l d s  
o r  
�p 1 6  1 f Zo 
--- = -- -- [ L - 2Zo + ( 
pUo2 R e0 Ro - Zo 
1 6  1 
0 
�p 
L- 2Zo+ J [ = ---- { 1 -
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z� 6 z ) ]-4d z  } + 1 - ( 1 -
0 
Ro Zo 
I nteg rat ion  of t h e  i n teg ra l te rms  g i ves;  
0 6 z RoZo 6 -3 fz� 1 - -( 1 + - ) ]-4dz  = - [ ( 1 -) - 1 ]  R o  Zo 3 6 R o  
A n d  
;:� 
6 z RoZo 6 -3 
1 - - ( 1 - - ) ]-4dz  = - [ ( 1 - -) - 1 ] 
Ro Zo 3 6 Ro 
24 
(10) 
( 11 ) 




Eq u at ion s ( 1 3 )  & ( 1 4) i n d i cate t h at the p res s u re l o s s d u e  to f r i ct ion  i n  
t h e  reg ion s - Zo<z<O a n d  O<z<Zo a re eq u a l  a n d  the refo re , the p res s u re 




1 6  2 RoZo 6 
{ L - 2Zo + - -- [ ( 1 - -- ) -3 - 1  ] } 
R e  Ro 3 6 Ro 0 
( 15) 
For th e ca s e  of a s mooth c i rcu l a r  p i pe ( Zo=O ) a n d E q u at ion  ( 1 5 ) 
becomes  
6P  1 6  L 
= 
2 R e  Ro pUo 0 
( 1 6) 
o r  
64 L oUo
2 
6 P  = 
R e  D 2g 0 
( 17) 
or 




Re D 2g  0 
( 1 8) 
w h i c h  i s  t h e  w e l l know n eq uat ion rep res e n t i n g  t h e  fr i ct ion h ead  l os s  fo r 
l am i n a r f l ow i n  a s mooth p ipe [40] . 
At h i g h  Rey n o l d s  n u mbe rs , reg i o n a l  t urb u l e n ces  become 
impo rta n t  a n d t h e refo re , s ho u l d  be taken i n to a ccou nt . T h e  h ead  l o s s  
d u e  to  t h e  t u rbu l e n ces in a g rad u a l  expans i o n  can be  expres sed a s  
26 
( u, - Uo )
2 
h = K 
9 2g  
(19} 
or 
6 P  K u, 
= - (  -- - 1 ) 2 (20} 
pUo 
2 2 Uo 
Th e h ea d  los s d u e  to g radua l e x pa n s ions  h a s  been i n vest i g ated 
e x per imenta l . l y  by Gi bson [40] . T h e  los s coeff i c i e n t  K obta i n ed f rom 
that  s t u d y  a re s hown i n  F i gu re 1 0 .  
T h e  tota l p ressure d rop con s i de r i n g  bot h f r i ct ion  a n d reg ion a l  
turb u l e n ce los s es i s  t h e refo re : 
6P 1 6  1 2 RoZo 
( )tota l = - { L - 2Zo + 
2 pUo Re Ro 3 6 0 




[ ( 1  - - ) -1 ]} + -- ( ( 21 ) 
Ro 2 U o  
Th e con i ca l  c ross-sect ion a l  mod e l  u sed i n  t h i s  t h es i s  h a d  t h e  
fol low i n g  g eomet ry: Ro=0 . 4763 em, Zo==0 . 635 em , 6 =0 . 3 1 75 em a n d  L=1 5  
em . F rom F i g u re 1 0 , t h e  loss coeffic i e n t  K fo r th i s  mode l  i s  obta i ned to 
be a p p ro x i mate l y  0 .  96  fo r Do/D1 =3 a n d  
a d i ve rg e n ce 8 =53. 1 3  
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Figure 10 The loss coeff i c i e n ts K due to a g ra dua l e x pa ns ion  [40] 
Th e refo re, Equat ion  ( 2 1  ) becomes 
flP 1 01 5 . 53 






Figure 1 1  The geomet ry of t h e  b l u nt con st rict ion  
For  t h e  b lunt  con st riction ( Figure 1 1 ) , we ca n expect t h at 
t h e re m i g h t be a combin ation of frict ion  los ses  a n d  los ses  d u e  to a 
s u dd e n  con t ra ct ion  on t h e  i n l et side a n d los ses  d ue to a s u d den 
expa n sion on  the ou t l et s i d e . For a s u d d e n  con t ra ction , p res s u re 
los s e s  a re u s u a l l y  ex p ressed i n  t h e  fo rm 
1 
h e  = ( 
C c  
u 2 1 
2g  
( 23 ) 
29 
w h e re h e  i s  t h e  p res s u re l os s d u e to a s u dden  con t ract ion  i n  u n its  of 
i n c h es  or  cent i meters  of f l u i d .  I n  d i me n s ion l es s  fo rm , 
�p 1 1 u
1 
= 
- ( - 1 )2( -- )2 
pUo 
2 2 C c  U o  
w h e re Cc  i s  t h e  con t ract ion  coeff i c i ent  wh i c h  h a s  been  
(24) 
dete rm i n ed by 
We i s ba c h  [40] . Cc v a l u es a re p resented in the T a b l e  2 for d i ffe rent  
a rea rat ios . 
T a b l e  2 
A1/Ao 0.1 0.2 0.3 
T h e  co ntract ion coeff i c i e n t  C c  
0.4 0.5 0.6 0. 7 0.8 0.9 1.0 
Cc 0.624 0.632 0.643 0.659 0.681 0.712 0. 755 0.813 0.892 1.0 
The  los s due to a sud d e n  e x pa n s ion i s  g i ven by , 
01 






The los s d u e  to f r i ct ion  i s  
�p 1 6  L 
-- =  -----




Th e refo re , t h e  tota l p ressure d rop acros s t h e  b l u nt type con str i ct ion 
ca n be e x p re�s ed by the summat ion of Equat ion s ( 24 ) , (26 ) a n d ( 27 ) , 
i . e . , 
�p 1 u 1 
( ) tota l = ( - 1 )
2 ( )
2 





1 6  L 





2 Do Uo Re Ro 0 
T h e  b lunt  con st r i ct ion used i n  t h e  exp e r i me nt s  h a d  the  
fol low i n g  geomet ry : Ro=0 . 4763 em , L=l 5 em , 6 =0 . 3 1 75 em res pect i ve l y  
( s ee F i gure 3 ) . A ccord i n g l y ,  u1 /Uo=9 , D 1 /Do=l /3 . A l so C c  
· ca n b e  obta i n ed f rom Ta b l e  2 by i nterpol at ion  a n d i s  ca l cu l ated a s  
0 . 658 . 
31 
Su bst i t u t i n g  these  va l u es i nto Eq u at ion ( 28) y i e l d s  
llP 503.88 
( -- ) tota l = + 42 . 9  (29) 2 pUo Re  0 
32 
RESULTS AND DISCUSSION 
F i gure 1 2  s hows the  expe r i me n ta l res u lt for a s i n g l e  con i ca l  
con st r i ct ion  a n d t h e  th eo ret i ca l  a n a l ys i s  equat ion ( Eq u at ion  22 ) .  T h e  
g ra p h  d rawn  t h rou g h  t h e  e x p e r imenta l d ata w a s  obta i n ed b y  a 
reg res s io n  a n a lys i s . Th e t h eoret i ca l res u lt i s  a l i tt l e  h ig h e r  t h a n  the 
e x p e r i m e n ta lly obta i n ed v a lues of t h e  d i me n s ion les s p re s s u re  d rop . T h e  
theo ret i ca l  a n a ly s i s  a s s u med t h at t h e  f low w i th i n  t h e  con ve rg i n g a n d  
d i v e rg i n g  sect i on s we re ful ly  deve l oped ( pa ra boli c ve loc i ty 
d i st r i but ion ) .  T h e  t h eo ret i ca l  p ressure d rop wa s rep re s ented a s  t h e  
s u m o f  two compon ents , a f r i ctio n a l  component  a n d  a t u rb u le n t  
compon ent . i . e . : 
6P K 1  
2 
pUo 
w h e re ,  K 1 
= -- + K2 
R e  0 
= p a ramete r fo r f r i ct ion a l  effect 
K2 = pa ra mete r fo r turb u l ence  effect 
(3 0 ) 
Fo r th e c a s e  of t h e  con i ca l  con st r i ct i o n , t h e  f r i ct ion  compo n e n t  cou ld be 
a s sumed to be  reason abl y we l l  a cco u nted fo r by t h e  t h eo ry .  Th e  
tu rbul e n ce compo n e n t, howev e r ,  i s  mo re d i ff i cu l t  to p re d i ct . H e n ce ,  to 
·b r i n g  t h e  t h eo ret i ca l p redict ion  mo re i n  l i n e  w i th  t h e  e x pe r i m e nta l 
data , t h e  pa ra mete r K2 i s  mod i fied to a v a l u e of 24. Th e refo re , 
1 015.53 1 015.53 
R e  0 
+ 30.7 X Fe = + 24 
Re  o· 
( 3. 1 ) 
33 
w h e re ,  Fe = 0.78 
T h e  res u l t i n g  mod i f i ed t h eory i s  s hown i n  F i g u re 1 3. As ca n be seen, 
t h e  mod i f i ed eq u at i o n  a g rees wel l w i th  t h e  d ata . 
I n  F i g u re 14, t h e  e x per imenta l d ata  an d t h e  t h eoret i ca l  
eq u at ion  fo r t h e  s i n g l e  b l u nt co n st r i ct i on  are p lotted. Th e f ig u re 
s hows t h at t h e  th eo ret i ca l  l i n e fa l l s  be low t h a t  of the  e x pe r imenta l 
res u lts . H owev e r ,  t h e  g e n e ra l  s h a pe of t h e  t h eo ret i ca l  curve i s  s i m i l a r  
to t h at of e x p e r i me n ta l data . I t  wa s a s s u med w hen cal c u l at i n g  t h e  
f r i ct i on  los s t h at t h e  t e s t  sect i o n  i s  a smooth p i pe w i t h o u t  con st r i ct io n s ,  
t h e  f l ow i s  f u l l y d eve loped a n d  t h e  ve loc ity d i s t r i b ution i s  pa rabo l i c  at 
each c ros s s ect i o n  as a Po i seu i l l e's f low .  It  wa s a s s u med a l so fo r t h e  
reg ion a l  t u rb u l e n ce effect t h at t h e  f low th rou g h  t h e  con s t r i ct ion  i s  f u l ly 
d eve loped a h ea d  of t h e  s udden  ex pa n s ion . Bot h  of t h es e  a s s u m pt ion s 
i n f l u e n ce t h e  p res s u re d rop at t h e  con t ract i n g  e n d  of t h e  con st r i ct ion  
and  t h e  e x pa n d i n g  e n d  of  t h e  con str ict ion . H e n ce ,  t h e  effect of 
reg ion a l  tu rb u l e n ce h a s  not bee n p rope r ly  accou n ted fo r a n d i t  appea rs 
t h at the t h eo ret i ca l  K l  a n d  K2 va lues s hou ld  be mod i f i ed .  T h at is fo r 
K l  a n d  K2 va lues a s  i n d i cated i n  Equat ion  30 . 
503 . 88 
Re 0 
X Fb l  
+ 42 . 9X Fb2 = 
. 
w h e re ,  F
b l  
= 1 6.4 a n d  F b2 = 1 . 6 .  
8239 . 47 
Re 0 
+ 68 . 08 
The  mod i f i ed t h eo ret i ca l 
eq u at ion  ag rees w i th  t h e  data a s  s h ow n i n  F i gure 1 5 .  
(32) 
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Compa r i son between t h e  e x pe r i me n ta l  curve f i t  g ra p h  
a n d t h e  t h eoret i ca l  a n a l y s i s  equa t ion  fo r a s i n g l e  con ica l 
con s t r i ct ion  
N 
0 
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The mod i fied t h eo ret ica l  equat ion  w i t h  t h e  e x pe r imenta l 
data  fo r a s i n g l e  conica l const r i ct i on  
N 
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Reynolds number , 
T h e  e x pe r i menta l  c u rve  f i t  g ra p h  a n d  t h e  t h eo ret i ca l 
a n a l y s i s  eq u at ion  fo r a s i n g l e  b l u nt con s t r i ct i on 
· 
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T h e  mod i f i ed t h eo ret i ca l  eq u at i o n  w i t h  t h e  e x pe r i menta l 
d a ta fo r a s i n g l e  b l u nt con st r i ct i o n  
38 
con st r i ct ion s i n  s e r i es . The  d i men s ion l e s s  p res s u re d rops  and Reyno l d s  
numbe rs f rom t h e  data co l l ected a re l i s ted i n  t h e  A ppen d i x . F ig u re 1 6  
s hows a p l ot of t h e  d i men s ion l es s  p res s u re d rop ve rs u s  Rey nol d s  
n u mbe rs fo r t h e  b l u n t  con str ict ion s .  A s  wou ld  be e x pected , t h e  
p res s u re d rop i s  g reate r for two a n d th ree con st r i ct ion s i n  se r i es . For 
examp l e ,  at  a Rey nol d s  number of 700 , a s i n g l e con st r i ct ion  g i ves  a 
d i me n s ion l es s  p re s s u re d rop of 80 , two con st r i ct ion s g i ve  1 53 an d t h ree 
con st r i ct ion s g i ve 25 1 . Th i s  i s  a p p rox i mate l y  two a n d  th ree t i mes  as 
m u c h  p res s u re · d rop as a s i ng l e con s t r i ct ion . Th i s  i n d i ca tes t h at t h e  
s pac i n g  of t h e  con st r i ct ion s wa s s u c h  t h at t h e re wa s no i nte rfe re n ce 
betwee n t h em . The  pa ramete rs K l  a n d  K2 f rom t h e  c u rve f i t  eq uat ion s 
a re l i s ted i n  Ta b le  3 .  I t  i s  noted t h at t h e  K 1  a n d K2  va l u es  fo r t h e  
two a n d  t h ree con s t r i ct ion s a re a bout  tw i ce a nd th ree t i mes h i g h e r th a n  
those of s i n g l e con s t r i ct ion . 
Ta b l e  3 The pa ra mete rs K 1  a n d  K2 fo r t h e  b lu n t  con s t r i ct ions i n  
se r t es .  
K l  K2 R - s qu are 
s ingle b l unt 8 2 3 9 . 4 7 6 8 . 0 8  0 . 9 5 
two b l unts 1 5 2 8 7 . 22 1 3 1 . 6 3 0 . 9 5 
three bl unts 2 3 8 3 6 . 9 4 2 1 7 . 0 8 0 . 9 9 
F i g u re 1 7  s h ows t h e  data obta i n ed i n  t h e  st u d y  i n  re l a t ion  to 
t h at obta i n ed by You n g  [33] . T h e  data i s  fo r d i ffe r e nt a rea rat ios of 
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I 
T h e  p l ot of d i me n s i on l e s s  p res s u re d ro p  v e rs u s  Rey n o l ds 
n u m be rs fo r t h e  b l u nt con s t r i ct io n s  i n  s e r i es  
40 
both f r i ct i on  a n d  tu rb u l e n ces . A s  ca n be seen i n  F i g u re 1 7 , t h e  res u lt 
f rom th i s  s t u dy , wh ich a re rep resented by the  dotted l i n e ,  ag rees  q u i te 
we l l w i t h  t h ose  of Yo u n g ' s . Th i s  Fig u re s hows t h a t  t h e  d i men s ion less  
p res s u re rat ios  dec rea ses  a s  the Rey n o l d s  n u m b e r  i n c rea s e s ; the 
g e n e ra l  s h a pes of t h e  p ress u re d rop cu rves for t h e  d iffe rent  
con str i ct i on  rat ios  a re s i m i l a r  to  ea c h  oth e r . 
F i g u re 1 8  shows the p res s u re d rops d u e  to two a n d th ree 
con st r i ct io n s  
con s t r i ct io n s  
i n  s e r i es ( a rea rat i o  88 . 9  p e rcent )  i n  
of d i ffe rent  a rea  rat i os . I t  a ppea r s  
re l at i on  t o  s i ng le 
t h at two b l u nt 
co n st r i ct io n s  re s u l t  i n  a p res s u re d rop eq u i va l ent  to a bout  a 90 p e rcent 
s i ng l e  con s t r i ct i on . Th ree b l u n t co n st r i ct ion s in  s e r i es p rod u ce a 
p res s u re d rop i n  e x ces s of a 95  p e rcent  s i n g l e  con s t r i ct io n . 
Th e data of e x p e r i me n t s  pe rfo rmed fo r u p  to t h ree co n i ca l 
con st r i ct i on s i n  s e r i es we re co l l ected a n d  ca l c u l ated . T h e  ca l c u l ated 
res u l ts  a re l i s ted i n  t h e  A ppen d i x . F i g u re 1 9  s hows t h at t h e  p res s u re 
d rop i s  g reate r fo r two a n d t h ree co n st r i ct ion s i n  s e r i e s . F o r  e x amp l e ,  
fo r a Rey no l d s  n u mbe r of 700 , a s i n g l e  co n st r i ct i on  g i ves  a p res s u re 
d rop of 27, two con s t r i ct i o n s g i ve 55 a n d th ree co n st r i ct i o n s 82 . T h i s  
i s  a p p rox i mate l y  two a n d t h ree t i mes a s  m u c h  p res s u re d rop a s  a s i n g l e 
con s t r i ct i o n . T h i s  i n d i cates a l so t h a t  t h e  s pa c i n g  of t h e  co n st r i ct ion s 
wa s s u c h  t h at t h e re wa s no  i n te rfe re n ce betwee n t h em . T h e  p a ramete rs 
· K l  a n d  K2 f rom · the cu rve f it  eq u a t i on  a re l i s ted i n  T a b l e  4 .  I t  i s  
noted t h a t  K2 va l u e s  fo r t h e  two a n d  t h ree con s t r i ct i o n s a re a l most 
tw ice a n d  t h ree t i mes h i g h e r  t h a n  those  of a s i n g l e con st r i ct i o n . Ov e r  
t h e  ra n g e  o f  Rey n o l d s  n u mbe r tes ted , t h e  d i men s i o n l e s s  p res s u r�e ' d rop 
N 




























Figure 1 7  
1\ 1\. t\. 1\ ' ! "" \ \ r"\ 
\ \ I ! I r-.. .. I ''\ I , }.. \ � \ i\J I I I i \  I I "" \ ' � i :  I \ ...... � I t 1\ : : ' r-.. \ l '\ \ I I r-. l 1\ 1\ ' ! ' 1\ ' ' \. � 
I '\ 1\. \ ..... I \ \ ' 
r-.1 \ ' I il t� f\ "" ..... i i i I ! \ i\ 
I . I I I \ 1'\ I \ ...... I I i I ' ...... i ; ! . I \ � i i , 1 � 1 i I 1\1 � I \ I 1 T " : I j I 1\. I I I . \ 
I I : I I I i ! """ I I I I o I I ""' - - - - - - from this study � 
-
from Young' s [33] --
I I I l I 
I I I I ' I ! I ,  j I I I 
1 1 0 
R e y n o l d s  numbe r ,  
I 
r-�l l l 
i 
� -
I I I I 
i : ! ' 
........ r--t-




- - - - -
� 
I I I I I I 
93 . � -
88 . 9  - - - - - - -








�'---... � �.J t- f- 75 . 0 
I :  
I 
. j .  
-........ 
....... �r--. 









T h e  effect of a rea red u ct i o n  fo r s i n g l e b l u nt 
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Com p a r i s o n  betwe e n  con st r i ct i on s i n  s e r i es a n d  � i n g l e 
con s t r i ct i o n  of d i ffe rent  a rea rat ios  
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T h e  d i me n s ion l e s s  p res s u re d ro p  v e rs u s  Rey �o l d s  
n u m b e r  fo r co n i ca l con s t r i ct i on s i n  s e r i e s  
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a p pea rs  to rema i n  a bo u t  con sta n t . 
Tab l e  4 T h e  pa ra mete rs  K l  a n d  K2 fo r t h e  con i ca l  con st r i ct i on s i n  
s e r i es 
K1 K2 R - square 
s ing l e  con i c a l  66 3 . 19 25.79 0.13 
two con ica l s  195.26 54 . 45 0 . 11 
thr e e  con ic a l s  1 1 25 . 04 8 0 . 43 0.5 9 
T h e  effect of co n st r i ct i on geomet ry o n  t h e  p res s u re d rop i s  
s hown i n  F i g u re 20 . A s  wou l d  be e x pected t h e  b l u n t con st r i ct i on  
res u lt s  i n  a g reate r p re s s u re d rop . At a R ey n o l d s  n umber  of  1 000, t h e  
d i me n s i on l es s  p res s u re d rop d u e  to a b l u nt con st r i ct i o n  i s  a bout  76 . 3  
a n d  d u e  to a con i ca l  co n st r i ct ion  i s  a bo u t  26 . 5 .  T h u s  t h e  los s d u e  to 
t h e  b l u n t co n s t r i ct ion  i s  a p p rox i mate l y  t h ree t i me s  g reate r t h a n  t h at 
d u e  to a con i ca l  co n st r i ct i on . T h i s  rat i o  i s  a l so a bo u t  t h e  s ame fo r 
each  of t h e  c a s e s  w h e re t h e  two a n d  th ree co n st r i ct i o n s a re p l a ced i n  
s e r i es . 
F i g u re 1 6  a n d  1 9  s h ow t h at wate r o r  33 . 3  p e rce n t  s u ga r - wate r 
s o l u t ion  h a v e  t h e  s a m e  d i me n s i on l es s  p re s s u re d ro p . I t  i s  noted ,  
h oweve r ,  t h at t h e  p res s u re d rop i n  u n i t s  of i n c h es of wate r i s  
d i ffe re n t . T h e  p res s u re d rop i n  i n c h es of wate r w i t h  a s u g a r- wate r 
so l u t ion  wa s h i g h e r  t h a n w i t h  wate r a lo n e  ( s ee A p p e n d i x ) .  T h i s  i s  d u e 
to t h e  h i g h e r  v i s cos i ty of t h e  s u g a r - wate r so l u t i o n . 
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viscosity of t h e  s u g a r -wate r sol u tion. 
Refe r r i n g  bac k  to Fig u re 20 , i t  ca n be s e e n  t h at conica l 
con st rict ion s a re fa r l e s s  s ev e re t h a n  t h e  b l u nt s h a pe . I f ,  t h e refore ,  
t h e  geomet ry of a n  act u a l  ste n os i s  i n  a b lood ves s e l  ca n be  a lte red , 
t h en it a ppea rs that  t h e  p rob l em re l at i n g  to t h e  q u a ntity of b lood 
s u pp l y cou l d  be a l l ev i ated by a l te r i ng  t h e  geomet ry of t h e  stenosis . 
O n e  method of a l te r i n g  t h e  g eomet ry may be by t h e  u se of a l a s e r  
beam . 
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SUMMARY AND CONCLUSIONS 
1 .  T h e  p re s s u re d rop a c ro s s  s i n g l e  a n d  m u lt i p l e  con st r i ct ion s 
ca n be rep res e n ted a s  t h e  s u m of a f r i ct ion a l  compo n ent  a n d a 
t u rbu l e nce compo n ent . A t h eo ret i ca l eq u at ion  wa s deve loped w h i c h  
rep res ents t h e  gen e r a l  v a r i a t i on  of t h e  d rop w i t h  t h e  · Reyno lds  
n u m b e rs . 
2 .  A mod i f i ed t h eo ret i ca l  eq u at ion , w h i c h  a cco u nted fo r 
d i ff i c u lt  to d ef i n e  tu rb u l e n ce effects , wa s obta i n ed . 
eq u at ion  p red i cted t h e  p re s s u re d rop wel l .  
T h e  mod i f i ed 
3 .  Eq u a t i o n s  we re obta i n ed a l so fo r p red i ct i n g  t h e  p re s s u re 
d rop a c ros s m u l t i p l e  co n st r i ct i o n s  p l a ced i n · s e r i es 1 5  em a pa rt .  
4 .  Con i ca l  co n st r i ct ion s res u l ted i n  a bo u t  3 to 4 t i me s  l e s s  
p res s u re d rop t h a n  b l u n t con s t r i ct i o n s . I n  gen e ra l ,  g ra d u a l l y va ry i n g 
co n s t r i ct i o n s  wo u l d b e  e x pected to p rod u ce l owe r p re s s u re d rops t h a n  
co n s t r i ct ion s w i t h  a b r u pt c h a n g es i n  f l ow a rea . 
5 .  T h e  p res s u re d rop a c ros s t h e  con st r i ct i o n s ,  e x p res s ed i n  
d i men s ion l es s  fo rm , d ec rea s ed · a s  t h e  Rey n o l d s  n u mb e r i n c rea s ed . T h e  
d ec rea s e  wa s mo re a p pa re nt  i n  t h e  ca s e  of b l u nt con st r i ct i on s . 
6 .  T h e  p res s u re d rop i n c re a s ed w i th  a n  i n c rea s e  i n  t h e  
n u mber  o f  con s t r i ct i o n s  i n  t h e  f l ow path . T h e  i n c re a s e  i n  p res s u re 
d rop was  a p p rox i mate l y  l i n ea r l y  p ropo rt io n a l  to t h e  n u mber' of 
48 
con st r i ct ion s p l a ced i n  s e r i es . 
geomet r i es tested . 
T h i s  wa s t r u e  · for both types of 
7 .  
s u ga r- water 
Fo r the ra n ge of Reynol d s  
so lut ion s res u l ted i n  t h e  
e x p res s ed i n  d i men s ion l es s  fo rm . 
n u mbe r s  tested , wate r a n d 
same p res s u re d rop whe n 
8 .  T h e  g reater the  con st r i ct ion , t h e  g reate r the p res s u re 
d rop . 
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RECOMMENDATIONS 
T h e  res u l ts  f rom t h i s  t h es i s  s u gg e st f u rt h e r  wor k  be done  on  
t h e  fo l l ow i n g s  
1 . I n i t i a te a s tudy to mo re accu rate l y  d ef i n e  t h e  g eomet ry of 
a n  a ctu a l  s te n os i s  a n d to deve lop a n  i m p roved mode l  f rom s u c h  
def i n i t i on . Tests , s i m i l a r  to w h a t  h a s  b e e n  don e  i n  t h i s  th es i s , wou l d  
then  b e  r u n o n  t h e  n ew mode l  a n·d t h e  res u l t s  compa red w i t h  those  f rom 
s i m p l e  g eomet r i e s  to s ee if t h e re i s  a n y  co r re l at io n . 
2 .  I n ves t i g ate t h e  effect of va ry i ng t h e  d i s ta n ce ,  betwee n 
t h e  con s t r i ct i on s ,  on  t h e  p res s u re d rop . 
3 .  Deve l op a n d  u s e f l ow v i s u a l i za t ion  tech n i q u es to obs e rve  
t h e  f low p a tte r n s t h rou g h  t h e  s i n g l e  a n d m u l t i p l e con s t r i ct i on s a n d  
i n c rea s e  o u r u n d e rsta n d i n g of t h e  p rob l em . 
4 .  I n vest i g ate con st r i ct i on s of " m i x ed "  g eomet r i e s  p l a ced i n  
s e r i es s u c h  a s  a co n i ca l  con st r i ct ion  fo l l owed by a b l u nt co n st r i ct i o n . 
5 .  1 n ve s t i gate  f u rt h e r  t h e  pa ramete rs  K l  a n d  K2 . 
6 .  Deve lop e x pe r iments  to s i m u l ate  t h e  v a r i a b l e  pe r i p h e ra l  
res i sta n ce of t h e  h u m a n b lood c i rcu l a to ry s ystem · a n d  i n ve s t i gate t h e  
p rope rt i es a n d  ca p a b i l i t i e s of t h e  system to a dj u s t  i t s e l f . 
7 .  I n vest i g a te t h e  effect of v i s cos i t i es , h i g h e r  a n d l owe r 
' t h a n 
50 
t h e  v i scos ity of s u g a r - wate r so l u t ion u sed i n  t h i s  thes i s ,  on the 
p res s u re d rop th roug h con st r i ct i o n s .  
( 1 )  
( 2 )  
(3 )  
(4 )  
( 5 )  
( 6 )  
( 7 )  
. ( 8 )  
( 9 )  
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One Conical Constriction with Sugar-water 
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One Conical Constriction with Water 
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Two Conical Constrictions with Sugar-water 
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Two Conical Constrictions with Water 
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Three Conical Constrictions with Su&n:-water 
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Three Conical Constrictions with Water 
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